General hardware architecture of an energy-harvested wireless sensor network node (EH-WSN) can be divided into power, sensing, computing and communication subsystems. Interrelation between these subsystems in combination with constrained energy supply makes design and implementation of EH-WSN a complex and challenging task. Separation of these subsystems into distinct hardware modules simplifies the design process and makes the architecture and software more generic, leading to more flexible solutions. From the other hand, tightly coupling these subsystems gives more room for optimizations at the price of increased complexity of the hardware and software. Additional engineering effort could be justified by a smaller, cheaper hardware, and more energy-efficient a wireless sensor node. The aim of this paper is to push further technical and economical boundaries related to EH-WSN by proposing a novel architecture which -by tightly coupling software and hardware of power, computing, and communication subsystems -allows the wireless sensor node to be powered by a thermoelectric generator working with about 1.5 • C temperature difference while keeping the cost of all electronic components used to build such a node below 9 EUR (in volume).
I. INTRODUCTION
General hardware architecture of an energy-harvesting wireless sensor network (EH-WSN) node could be divided into four subsystems: power subsystem (responsible for acquiring energy from a power generator, converting it into electrical energy and providing system supply voltage), sensing subsystem (that measures specific physical phenomena and performs analog to digital conversion), computing subsystem (responsible for data processing and node management) and communication subsystem (enabling The associate editor coordinating the review of this manuscript and approving it for publication was Nan Cheng. wireless communication) [1] . The continuing trend for increasing performance, miniaturization and reducing of power consumption led to development of highly integrated System-On-Chip (SoC) hardware architectures. Some of them consist of integrated ultra-low power micro-controller units (MCUs) and radio-frequency (RF) modules, and are well suited for wireless sensing applications. Further integration of sensing subsystem and power subsystem within SoC is not common, mainly due to application specific requirements of WSN nodes. However, analog-to-digital converters (ADC) typically present on SoC are frequently used for digitalization of the electric signal from some types of sensors. In this paper we push further technical and economical boundaries related to EH-WSN by proposing a novel architecture that integrates to a large extent power subsystem with a SoC of a WSN node. The paper is organized as follows:
• In section II, we describe the constraints imposed by the communication and sensing subsystems and the consequences of this for the power subsystem.
• In section III, we focus on the most fundamental component of the power subsystem of a WSN node -a power source, and more specifically, on a Peltier module as a thermoelectric generator.
• In section IV, we analyse two other elements of the power subsystem: the energy storage and the voltage converter.
• In section V, we propose an ultra-low power wireless sensor node architecture, in which power management activities are delegated to the software executed by the MCU.
• Finally, in section VI, we show the results of our experiments including tests of a thermoelectric energy harvesting wireless sensor node with power management routines executed solely by the MCU.
• In section VII, we discuss the obtained results.
II. POWER REQUIREMENTS OF WSN
The main activities of a wireless sensor node are [2] : 1) Data sampling and processing, 2) Network operations including routing, data transmission and reception. These two activities are the most demanding in terms of power consumption. From the other hand, each WSN node could be only in one of two states: 1) Active, during which data is sampled and radio transmission is carried out, characterised by high power consumption, 2) Sleep, characterized by ultra-low power consumption. Typically, a wireless node spends around 99% of the time in sleep mode, so overall energy budget is dominated by energy consumed in this mode [1] . Specific network architectures define the duty cycle, as well as the way the node remains synchronized with the network. Many WSNs base on the IEEE 802.15.4 standard which defines a protocol for data communication using low-data-rate, low-power, and low-complexity short-range radio frequency transmissions [3] . One of them is GreenNet, a radio transmission protocol that has been initially developed by STMicroelectronics and Université de Grenoble, and lately by Cezamat within PRIME (Ultra-Low Power Technologies and Memory Architectures for IoT) project [4] - [6] . To dive into the level of details required for specifying requirements for power subsystem we will use this implementation as an illustrative example of IEEE 802.15.4 wireless radio standard communication.
The GreenNet code has been enriched with debug information helping in measurements of duration and energy consumption of all activities performed by sensing, computing and communication subsystems. The summary is presented in Table 1 . Power consumption waveform of the GreenNet WSN node performing network synchronization is shown in Fig. 1 . The power consumption waveform of the Green-Net WSN node performing sensor data acquisition, network synchronization and data transmission is shown in Fig. 2 . As expected, power consumption of the GreenNet node is significantly smaller when it is performing only network synchronization (beacon reception) than in the case when it is sensing and sending the values of sensors readouts.
The IEEE 802.15.4 defines low-complexity and low-cost Reduced Function Devices (RFD) and more advanced Full Function Devices (FFD) with routing capabilities. The protocol defines beacon-enabled mode which is critical for power saving features of WSN nodes [1] . This mode is configured by two parameters BO (beacon order) and SO (superframe order), 0 ≤ SO ≤ BO ≤ 14. Interval between beacons is defined by equation:
For a radio symbol lasting t symbol = 16 µs in the 2.4 GHz frequency band, and duration of the base superframe equals VOLUME 8, 2020 to 960 symbols, we obtain t bsf = 960 · t s = 15.36 ms.
To manage the communication, FFD should to be active for:
Minimal activity time of a RFD in a single cycle is the sum of time for beacon reception and transmission of data from sensors. Without collision with other WSN nodes (which requires retransmission), energy consumed during this activity is about 570 µJ as shown in Table 2 .
To summarise, as BO parameter is getting bigger, energy consumed by a RFD during sleep mode prevails in total energy budget. A FFD power budget is more complex to analyse, because not only additional SI parameter has to be taken into consideration but also network topology, support of guaranteed time slots (GTS) and other factors. Having power requirements of a RFD, we can proceed to the properties of the power source of an EH-WSN node.
III. THERMAL ENERGY HARVESTING FOR WSN
The main advantage of thermal energy harvesting for WSN node applications is its abundance in various environments, especially in a form of waste heat produced by machines [7] . In comparison to the mechanical energy sources, like vibrations, it is much more reliable as it does not require any moving parts [8] - [10] . Its relatively low power conversion efficiency (about 10%) could not match photovoltaic energy harvesters, but is able to provide stable source of energy in dark indoor industrial environments. Thermal energy could be converted into electricity by a thermoelectric generator, which principle of operation is described in the next subsection.
A. ELECTROTHERMAL MODEL OF A PELTIER MODULE
Operation of a thermoelectric module (TEG) could be described by five phenomena: Seebeck, Peltier, Thomson, Joule effects and thermal conductivity of materials [11] . The most important -from the energy harvesting point of view -is Seebeck effect, that expresses induced voltage V S as a function of temperature difference across junction of two different materials:
Symbol S in this equation denotes the Seebeck coefficient, i.e. the magnitude of this effect. For small changes in temperature it could be approximated by S ≈ V T . From characteristics of thermoelectric generators [12] - [14] , we have other formulas describing power balance of a working TEG:
where Q c denotes amount of heat absorbed at the cold side, Q h -amount of heat pumped over the TEG to the hot side, P -electrical power delivered or received from/to the TEG, I -electrical current flowing through the TEG, V -voltage over TEG's terminals, S -Seebeck coefficient, K -Thomson coefficient. The value of internal resistance R can be derived from equation (7), by making the temperature of both sides the same: T h = T c ⇒ T = 0. The value of Seebeck coefficient can be obtained from equation (4) for T = 0. The value of thermal conductivity coefficient K can be derived from equation (4), assuming that no heat is absorbed at the cold side, i.e. Q c = 0. This leads to formulas for the three most important parameters which characterize TEG as an energy harvesting power source:
SELECTION OF A TEG MODULE
Commercially available Peltier modules cost between several EUR and several hundreds EUR as shown in Table 3 . The best candidate should be able to provide enough energy to power a RFD WSN node in scenarios where energy harvesting is performed with temperature difference of a few degrees of Celsius (e.g. by being attached to an enclosure of a working machine that dissipates some heat). Having in mind that communication protocol that we are using can be parametrized -as shown in the previous section -the actual power consumption of a WSN node can be adjusted according to the performance of the power source. In the following sections we show how to make this adjustment, to enable usage of the cheapest Peltier module available on the market -TEC1-12706. According to Digi-Key, Mouser and Botland parts distributors there are several manufacturers that offer this model -some of them even for 2.85 EUR.
C. SIMULATIONS OF THE TEG PERFORMANCE
From performance curves shown in the data sheet of TEC1-12706 and equations (8)-(10) we can estimate the values of R = 2.76 , S = 36.87 mV/K, and K = 333 mW/K. It means that the open circuit voltage for the temperature difference of a few degrees of Celsius is somewhere between one and two hundreds millivolts. Such a low voltage is not sufficient to directly power any MCU. Determining parameters of the power source is then critical for specifying requirements of the voltage converter.
To learn how power output of the selected TEG depends on the electrical load, and temperature difference between hot and cold side, we performed a series of simulations. As a starting point we used an equivalent electrothermal circuit presented in Fig. 3 . Using LTSpice simulator with a customized model of a TEG from [11] , we observed how changes in the temperature of cold and hot side influence open circuit voltage. The results are presented in Fig. 4 . We can see that for small changes in temperature, plots are indeed linear, which means that we can treat Seebeck coefficient in the given temperature range as a constant.
The second set of simulations is about investigating TEG behaviour under load. The equivalent electrothermal circuit used in LTSpice is presented in Fig. 5 . The results presenting output voltage V OUT as a function of load I L for different T are shown in Fig. 6 . From the plot we can read the internal resistance of the TEG, which is equal to the slope of the plots. Having the output voltage as a function of current load we can also compute output power -as shown in Fig. 7 .
From the simulations we learned, that for temperature difference of 5 • C between TEG's sides, we have approximately 190 mV open circuit voltage, and the load up to 30 mA does not cause the output voltage to drop of below 100 mV. This information will be very helpful in the selection of the power management module, which is described in the next section.
IV. ENERGY STORAGE AND VOLTAGE CONVERTER
The storage element for harvested energy must have capacity and internal resistance at levels sufficient to handle power peaks occurring during radio transmission. The other factors that have to be taken into account in selection of the energy storage are: charging and discharging characteristics, self discharge rate, cycling stability, and price. Energy management subsystem of a WSN node typically store harvested energy in either a rechargeable battery or a super-capacitor [15] . Their advantages and disadvantages are briefly presented in Table 4 . A rechargeable battery has this advantage over supercapacitor, that it keeps the charge much longer. It is critical feature in industrial applications, where a EH-WSN node could be cut off for a while from the source of thermal energy. For that reason we decided to use a rechargeable battery instead of a super-capacitor. We selected VL-2020 vanadium-lithium battery which has nominal voltage of 3 V, internal resistance of 30 , and nominal capacity of 20 mAh (2.5 V cut off voltage).
The energy acquired from a TEG cannot be directly transferred to the selected energy storage. The voltage has to be increased, and the charging process has to be supervised, to avoid overcharging. Hardware architecture of a typical WSN node provides a specialized circuit -often an integrated circuit -that takes care of those activities. This circuit is called power management module, voltage converter, or charge controller, and might also perform additional tasks like preventing the battery form deep discharging. We will discuss its functionalities in the next subsection.
A. POWER MANAGEMENT MODULE
Ultra low power charging regulators suitable for EH-WSN applications most often contain a DC/DC converter capable of stepping up input voltage. Usually it is a boost converter with an embedded switching transistor. Thresholds controlling module behaviour (e.g. cut off voltage, battery overcharging protection, battery discharging protection) are almost always set up by resistor dividers that are connected to internal analog comparators. Some modules offer extra functionalities like maximum power point tracking (MPPT) or low dropout regulators which deliver 1.8 V or 3.3 V output voltage for the MCU. The most important parameters of power management module are: quiescent current, minimum input voltage for cold start (V COLD ), minimum input voltage (V IN ), conversion efficiency and price.
From dozens of commercially available ultra-low power boost converters with battery management for energy harvesting applications, we selected three for further analysis: ADP5090, SPV1050 and LTC3108. Comparison of their features is presented in Table 5 . SPV1050 has more functionalities in comparison to ADP5090 and LTC3108. Furthermore, it may operate in buck as well as in boost mode, and it is the best choice in terms of cost. The main drawback is its relatively high leakage current (0.8 µA). Both LTC3108 and ADP5090 have lower input voltage than SPV1050, so they are more suitable for our scenario (for T = 5 • C, the selected TEG gives approximately 190 mV). LTC3108 has excellent cold start voltage -only 20 mV. But unfortunately it requires an external step-up transformer connected to a TEG, which significantly increases the cost. ADP5090 module is not as good as LTC3108 in terms of input voltage parameters, as it has 100 mV minimum input voltage and 380 mV cold start voltage (equivalent of T = 10 • C). Moreover, it is also relatively expensive. For a reference we built a EH-WSN node with ADP5090 and tested it with the selected TEG as a power source. This kind of solution -with separated power management module -without a doubt has important advantages including clean, well structured hardware architecture, very low quiescent current, high reliability and additional features like discharging protection that cuts of power supply for the MCU and all peripherals to prevent battery damage.
In the next section we will propose a novel power management architecture, and show what benefits gives resigation from a dedicated power management module.
V. A NOVEL SOFTWARE CONTROLLED LOW COST ENERGY HARVESTER
Block diagrams of power management modules described in the previous section have many elements in common. All of them contain one or more analogue comparators, internal voltage reference, DC/DC converter, and control logic. The same components can be also found in various SoC, including those with integrated IEEE 802.15.4 RF like STM32WB55 or NXP MKW41Z. Pushing downwards the cost of a WSN node with a thermoelectric energy harvester, it is tempting to propose an architecture that utilizes components already available in SoC to manage charging process.
This operation would simplify and minimize the bill of material (BOM) but obviously makes programming of the MCU more complex and challenging task.
A. POWER MANAGEMENT CONTROL LOOP
Moving the responsibility for the charging process to the MCU requires a dedicated piece of software (firmware). Unlike hardware implementation, where many things can be done in parallel, MCU executes instructions in a sequence. The control program can be presented in a form of infinite loop with the following steps:
• Measure the input voltage of the TEG, • If the voltage across the TEG is too low then switch to a deep sleep for a while (after wake up restart the loop),
• Otherwise, measure the battery voltage, • If the battery voltage is smaller than the maximum allowed level then start DC/DC conversion,
• Perform normal WSN operations as long as the energy budget is balanced.
Voltage measurements can be made using analog to digital converters (ADCs) commonly present in SoCs. Duration of the sleep time can be controlled from the MCU by internal timers. However, performing DC/DC conversion by the MCU with quiescent current at micro-ampere level is the biggest challenge.
B. VOLTAGE CONVERTER CIRCUIT
To step up the input voltage we used a boost converter topology [16] as shown in schematics in Fig. 8 . The output signal from the MCU is connected to the gate of the switching transistor Q1. Turning on and off Q1 causes current flow through L1. The inductor temporarily stores energy in its magnetic field, and releases it through D1 to capacitor C2 and battery B1. The MCU cyclically measures battery voltage to prevent overcharging. 
C. POWER MANAGEMENT ALGORITHM
The program, that controls power management process, implemented on NXP MKW41Z SoC is presented as Algorithm 1.
Algorithm 1 Power Management Algorithm
Start PWM generator at low leakage mode 5: end if 6: if V BAT > V BAT MAX then 7: Stop PWM 8: end if 9: if V OC − V F > V BAT and V OC < V BAT MAX then 10: Switch OFF Q1 to directly charge the battery 11: end if 12: if V OC − V F > V BAT MAX then 13: Switch ON Q1 to save the battery 14: end if 15: if V OC > V OC RADIO and V BAT > V BAT MIN then 16: Normal WSN activity (turn on sensors and the radio) 17: end if 18: Sleep() At the beginning, when the MCU wakes up, it measures the TEG voltage and battery voltage (lines 1-2). If the TEG voltage is greater than V OC MIN = 0.04 V, and the battery voltage is smaller than V BAT MAX = 3.4 V, then the MCU starts switching the transistor Q1, initiating charging process of the battery. If the battery voltage is greater than V BAT MAX , then transistor switching is suspended to prevent battery overcharging (line 7). If the TEG voltage decreased by the voltage drop V F = 0.375 V over the Schottky diode D1 is greater than the battery voltage, then the transistor Q1 is turned on, so the battery could be directly charged from the TEG (line 10). If the TEG voltage minus the voltage drop over D1 diode exceeds V BAT MAX , then the transistor Q1 is turned on to protect the battery (in practical applications this case should not occur). Finally, if the TEG voltage is greater than V OC RADIO = 0.18 V, then power budget of a EH-WSN node is balanced, so normal radio activity could be resumed (line 16). Finally, the MCU sets up internal wake up timer, and goes TABLE 6. List of electronic parts of a low cost TEH-WSN node with a software controlled power management module. Netto prices of electronic components are given for quantities above one thousand pieces (except TEG, for which price is given for a single piece). Prices according to Digikey, Farnell, Botland and TME electronic parts distributors.
into an ultra-low power sleep mode (line 18). All threshold voltages have been set according to the results obtained from experiments described in the next section.
D. LOW POWER MODES
The proposed power management architecture cannot compete in terms of quiescent current with dedicated power management chips without a special stop modes offered by some ultra-low power microcontrollers. In a very-low-power stop mode (VLPS) current drawn by the MCU used for tests was only 3.58 µA (buck mode operation for 3 V input at 25 • C) [17] . Other low power modes, such as very-lowleakage stop mode (VLLSx), allow decreasing the current down to 0.46 µA (buck mode operation for 3 V input at 25 • C) [17] . These low power modes are characterized by significant reduction of MCU functionalities, but fortunately still allow some operations on GPIOs, including gating off selected peripheral clocks. The clock that we used for driving Q1 switching transistor of DC/DC boost converter has a frequency of only 1 kHz. It was operational in all power modes up to VLLS1. This clock source -called LPO (lowpower oscillator) -is a part of the internal power management controller (PMC) of the selected SoC [18] . Table 6 contains a list of parts required to build a low cost thermoelectric energy harvesting wireless sensor node (TEH-WSN). The cost of all electronic components -if purchased in volume -is about 9 EUR. For prototyping, instead of MKW21Z256VHT SoC (2.68 EUR @1k pcs.), we used Rigado R41Z-TA (6.85 EUR @1k) module that contains MKW41Z512VHT (3.25 EUR @1k), 32 MHz crystal oscillator, balun, and some other components. It increases the cost of electronic components used in the prototype to around 12 EUR. Switching to a different RF SoC with more powerful core (ARM Cortex M4) and lower power consumption in low leakage modes like STM32WB55 (2.97 EUR @ 1k, 600 nA in standby mode with RTC and 32 KB RAM retention [19] ) should not greatly impact the total price. . Each TEC1-12706 Peltier module is connected to a separate Twintex TPM-3005 programmable power supply. Heat and cold from two auxiliary Peltier modules are dissipated by large heat sinks. Between these two modules there is a third one working as a thermoelectric generator. Thermocouples placed between modules are connected to the Pico TC-08 thermocouple data logger. Open circuit voltage is measured by the PicoLog 1216 data logger.
E. IMPLEMENTATION

VI. EXPERIMENTS AND RESULTS
To verify the concept of the energy harvesting architecture described in the previous section we conducted a series of experiments. At first we verified the correctness of open circuit voltage estimation calculated by LT Spice for different Peltier modules, as shown in Fig. 9 . Tests confirmed results obtained from simulations. To ensure stability of test conditions -including proper temperature on both sides -tested modules were put between a pair of other Peltier modules which were connected to a pair of laboratory power supplies. Current flowing through them generated a temperature difference between their inner sides. Heat and cold from their outer sides were dissipated by large heat sinks as shown in Fig. 10 . The second set of experiments was about verification of the idea of having net power gain with a DC/DC boost converter driven by the MCU at low power mode. Initially the switching transistor has been driven by an arbitrary function generator Fig. 8 ). The second probe is connected to the drain of Q1. After driving the gate low, the voltage at the inductor L1 is increasing very rapidly and goes through the Schottky diode D1 to the capacitor C2. The third probe is connected to C2. This experiment was conducted without the battery B1, so the energy that keeps the MCU working comes only from the capacitor C2 (2200 µF, 16 V).
to find the best configuration of inductor value and duty cycle of pulse-width modulated signal. The same experiments have been conducted using LTSpice simulations. We used a testbed with a Peltier module as shown on Fig. 11 , and more convenient laboratory power supply with a resistor connected in series that mimics internal resistance of a Peltier module.
The experiments ended up with the selection of AO3400 N-channel MOSFET (with V GS ≤ 1.45 V ) as a switching transistor, PWM signal with 50% duty cycle, frequency of 1 kHz, and an inductor of 330 µH and series resistance below 1.5 . An inductor with significantly lower resistance (440 ) offered much better performance, but because it was almost seven times more expensive, we used the cheaper one. Fig. 12 shows waveforms of charging circuit with the final configuration. More power could be drawn from a TEG with higher duty cycle, but generation of a simple, symmetrical, low frequency signal was possible to obtain using the selected SoC working in a low power mode. Energy balance for different T . The load resistor R LOAD is connected in parallel to the MCU to mimic the energy consumed by the radio activity and some additional sensors. Each row in this table should be read as following: for example at T = 5 • C, the open circuit voltage of the TEG is about 180 mV. For this input voltage, the circuit shown in Fig. 8 has a RMS voltage of 3.09 V. With resistive load R LOAD = 327 k connected in parallel to the MCU, the average power dissipated by the R LOAD resistor is equal to 1mW (because of current of 327 µA passing through it). This amount of power corresponds to the situation when the IEEE 802.15.4 beacon-enabled radio is working with BO≥6 (according to the Table 2 for BO = 6 the device is transmitting every second, and consumes in average 590 µW -less than 1012 µW dissipated by the R LOAD resistor). The aim of the third set of experiments was to measure the energy balance of the EH-WSN node. We connected a potentiometer R LOAD in parallel to the MCU to mimic the average energy consumption of the radio and node sensors. Greater T means greater open circuit voltage of the TEG. By altering the resistance of R LOAD we were able to find the maximum average power that could be consumed by the radio activity and sensors. The results are presented in Table 7 . At T = 1 • C, the MCU can only charge the battery because the energy supply is not sufficient to establish radio communication. At T = 1.28 • C the radio can be activated with about 4 minutes 11 seconds time interval between sending messages. As T increases, the amount of harvested energy allows to support not only more frequent communication but also external sensors. For increasing input voltages, we observed that the DC/DC converter maximum instantaneous output voltage was getting close to the maximum absolute value of the MCU. To minimize the impact of voltage spikes to the MCU and the battery, a low-pass filter is recommended between the capacitor C2 and the battery B1.
Finally, we tested the wireless sensor node as a fully functional element of a wireless sensor network. We used WSN node with a sample sensor -STMicroelectronics VL53L0X Time-of-Flight (ToF) laser-ranging module, which can measure absolute distances up to 2 m, and Rigado R41Z module with MKW41Z512 SoC as is shown in Fig. 13 .
The experiments proved that the proposed solution works as designed.
VII. CONCLUSION AND FUTURE WORK
The architecture of the EH-WSN node described in this paper is the answer to a challenge formulated in PRIME project made within Electronic Components and Systems for European Leadership JU Programme. The goal was to propose a low cost wireless sensor node (< 9 EUR target), communicating wirelessly using one of the IEEE transmission standards, fully autonomous with thermoelectric energy harvester working with temperature difference ≤ 5 • C. It was intended to push the firmware optimization to the extreme and to enforce a tight link between hardware and software. In this sense the proposed architecture achieved the goal. We hope, that it would be also useful in exploration of software and hardware architectures of WSN, and will contribute to spreading of autonomous Internet of Things devices.
In Table 8 we summarized advantages and disadvantages of the proposed software controlled power management architecture in relation to the architecture with a dedicated power management chip.
The most fundamental drawback of the proposed solution is that the program executed by the MCU has to be very carefully written. A potential consequence of a software bug that causes malfunction of the power management control loop is permanent destruction of the battery. Another downside is that once the rechargeable battery is drained (which might happen when a node is stored for too long without access to thermal energy), then it is no longer possible to start the device without charging the battery from an external source.
The main advantage of the proposed solutions is that it helps in decreasing hardware cost of a WSN node. It also takes the flexibility of power management to another levelthe node could dynamically decide about voltage thresholds related to the sensor activity. In the context of industrial or wearable applications, it might offer additional functionalities. For example the node can temporarily decrease cut off voltage, to ensure that all critical data will be transmitted, when detecting an unusual condition. Similarly, it might temporarily increase overcharging protection threshold (while remaining in the safe operation area of the battery) to store more energy, that will be spend on scheduled bulk radio transmission like firmware update, or other energy intensive activities like sensor calibration.
In the future we would like to investigate possibilities of making power management process independent of user application, possibly by integrating it with an embedded real time operating system (RTOS) with a preemptive scheduler.
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